; P1-z-crystallin (P1-ZCr) is an oxidative stress-induced NADPH:quinone oxidoreductase in Arabidopsis thaliana, but its physiological electron acceptors have not been identified. We found that recombinant P1-ZCr catalyzed the reduction of 2-alkenals of carbon chain C 3 -C 9 with NADPH. Among these 2-alkenals, the highest specificity was observed for 4-hydroxy-(2E)-nonenal (HNE), one of the major toxic products generated from lipid peroxides. (3Z)-Hexenal and aldehydes without a,b -unsaturated bonds did not serve as electron acceptors. In the 2-alkenal molecules, P1-ZCr catalyzed the hydrogenation of a,b -unsaturated bonds, but not the reduction of the aldehyde moiety, to produce saturated aldehydes, as determined by gas chromatography/mass spectrometry. We propose the enzyme name NADPH:2-alkenal a,b -hydrogenase (ALH). A major portion of the NADPH-dependent HNE-reducing activity in A. thaliana leaves was inhibited by the specific antiserum against P1-ZCr, indicating that the endogenous P1-ZCr protein has ALH activity. Because expression of the P1-ZCr gene in A. thaliana is induced by oxidative stress treatments, we conclude that P1-ZCr functions as a defense against oxidative stress by scavenging the highly toxic, lipid peroxide-derived a,b -unsaturated aldehydes.
Introduction
The production of reactive oxygen species (ROS), e.g. superoxide radical (O 2 -• ), hydrogen peroxide (H 2 O 2 ) and singlet oxygen ( 1 O 2 ), intrinsically accompanies photosynthesis. Intracellular ROS are kept at low levels by scavenging enzymes such as superoxide dismutase (SOD), ascorbate peroxidase (APX) and catalase, and by low-molecular-weight antioxidants, e.g. ascorbate, GSH, a -tocopherol, carotenoids and flavonoids (Asada 1996) . However, under adverse environmental conditions such as drought or chilling temperatures, especially in combination with strong sunlight, the level of cellular ROS is raised, because both of the enhanced energy-and electron-fluxes to O 2 and the loss of antioxidant capacity (Asada et al. 1998 , Mano 2002 . The primarily produced ROS, i.e. O 2 -• , H 2 O 2 and 1 O 2 , would then attack sensitive molecules such as Cu,Zn-SOD, APX, non-heme FeS proteins, thiol enzymes and the reaction centers of PSI and PSII. Transition metal ions are liberated from damaged metalloproteins and promote the Fenton reaction to produce the highly reactive hydroxyl radical (HO • ) (Halliwell and Gutteridge 1999) , which extensively oxidizes proteins, lipids and nucleic acids. The resulting damage to cellular components leads to photoinhibition and ultimately, to cell death (Elstner 1982) . The production of ROS in excess of the scavenging capacity of cells is commonly referred to as oxidative stress.
Oxidation of polyunsaturated fatty acids by HO 2 (the protonated form of superoxide anion radical), 1 O 2 or HO • leads to the formation of lipid peroxides (Halliwell and Gutteridge 1999) . In addition, lipoxygenase generates lipid peroxides when plants are attacked by phytopathogens and herbivores or during senescence (Berger et al. 2001 . Lipid peroxides are degraded enzymatically or non-enzymatically to form toxic C 3 -C 9 aldehydes, such as a,b -unsaturated aldehydes (2-alkenals) and malondialdehyde. Accumulation of these 'reactive aldehydes' in plant tissues, as determined by the aldehydes' reaction to thiobarbituric acid, has been demonstrated under various stresses, including drought (Moran et al. 1994) , salinity (Hernandez et al. 1993) , chilling (Prasad et al. 1994 ) and UV-B exposure (Takeuchi et al. 1995) . Cytotoxicity of lipid peroxides is largely mediated by the reactive aldehydes, especially to 4-hydroxy-(2E)-alkenals such as 4-hydroxy-(2E)-nonenal (HNE) and 4-hydroxy-(2E)-hexenal (HHE) (reviews: Esterbauer et al. 1991 , Comporti 1998 . In plants, several pathways from lipid peroxides to 4-hydroxy-(2E)-alkenals have been proposed, including enzymatic Hamberg 1993, Takamura and Gardner 1996) and non-enzymatic (Noordermeer et al. 2000 , Lee et al. 2001 , Schneider et al. 2001 reactions. The occurrence of HNE (Deighton et al. 1997 , Deighton et al. 1999 ) and HHE (Kohlmann et al. 1999) in plant cells has been described.
The toxicity of these reactive aldehydes is based on their ability to form the Michael adducts with thiols and amino groups. 4-Hydroxy-(2E)-alkenals are far more reactive than non-hydroxylated (2E)-alkenals because the former react five times faster than the latter and form adducts that are 500 times more stable (Esterbauer et al. 1975) . HNE inactivates glucose-6-phosphate dehydrogenase (Szweda et al. 1993) , glyceraldehyde-3-phosphate dehydrogenase and Cyt c oxidase (Chen et al. 1998 ) by modifying Lys and Cys residues in their active sites. In plant mitochondria, HNE also inactivates the lipoic acid enzymes 2-oxoglutarate dehydrogenase, pyruvate dehydrogenase and NAD-malic enzyme (Millar and Leaver 2000) . HNE is further converted to the potent carcinogenic epoxide 2,3-epoxy-4-hydroxynonanal, which is highly reactive with adenine and guanine (Chung et al. 1993) .
Mammalian cells detoxify the reactive aldehydes via three distinct pathways: the conjugation with GSH with glutathione-S-transferase (GST; Ålin et al. 1985 Ålin et al. , Hubatsch et al. 1998 , the reduction to alcohols with aldo-keto reductase (AKR; Srivastava et al. 1995 , Burczynski et al. 2001 ) and the oxidation to carboxylates with alcohol dehydrogenase (ADH; Sellin et al. 1991) or aldehyde dehydrogenase (Hartley et al. 1995) . Recently another pathway has been shown, in which the a,bunsaturated bond of 2-alkenals is hydrogenated (Dick et al. 2001) . In plants, the reduction of the aldehyde group of HNE by a drought-induced AKR in alfalfa has been shown (Oberschall et al. 2000) . Kirch et al. (2001) have found a novel aldehyde dehydrogenase that is highly specific to n-nonanal, but unreactive with HNE in the resurrection plant Craterostigma plantagineum. No enzymes have been found in plants for the hydrogenation of the a,b -unsaturated bond of the reactive aldehydes for their detoxication.
Previously, with an aim to identify plant proteins that might play a role in antioxidant defenses, we have carried out screenings of the expression of an Arabidopsis cDNA library in different strains of the yeast Saccharomyces cerevisiae for the conferred drug-tolerance . In the presence of the thiol-oxidizing drug diamide, the expression of four Arabidopsis cDNAs, P1-P4, greatly improved the survival of the yeast cells deficient in oxidative stress defenses because of the deletion in the YAP1 gene . The P1 gene encoded a 38-kDa protein homologous to the mammalian lens protein z-crystallin (ZCr), and its gene product has been referred to as P1-z-crystallin (P1-ZCr). The P1 gene was highly induced by the treatments of plants with H 2 O 2 , tert-butylhydroperoxide, diamide, methyl viologen and menadione, suggesting that it has a defensive role against oxidative stress. To validate this conclusion, it was necessary to identify physiologically relevant substrates for P1-ZCr. However, in a dedicated biochemical study we were only able to demonstrate the NADPH-specific oxidoreductase activity of P1-ZCr towards artificial compounds such as quinones and azodicarbonyl compounds, including diamide, as electron acceptors (Mano et al. 2000) .
In the present study, we surveyed other potential substrates for P1-ZCr. Here we report that P1-ZCr catalyzes the hydrogenation of the a,b -unsaturated bond of 2-alkenals. The a,b -unsaturated bond was specifically reduced, but the aldehyde moiety was not. The enzymatic properties of P1-ZCr are very similar to those of leukotriene B 4 12-hydroxydehydrogenase (LTB4DH), a ZCr homolog in porcine liver, whose activity was recognized very recently (Dick et al. 2001) , independently of our study. The available data strongly suggest that P1-ZCr protects cells from oxidative damage by detoxifying the reactive aldehydes derived from lipid peroxides.
Results

Specificity to electron acceptors
In our previous study (Mano et al. 2000) , we assumed that the biochemical activities of P1-ZCr would be similar to those of its homologous proteins. Indeed P1-ZCr showed an NADPH:quinone reductase activity similar to that of the mammalian lens ZCr, whose activity had been identified (Rao et al. 1992) . In order to obtain new insights from the sequence data that have accumulated since then, we retrieved P1-ZCr homologs in protein databases by BLASTP searches (Altschul et al. 1997) . Among the protein sequences that had higher homology to P1-ZCr than did the guinea pig ZCr, we identified three biochemically characterized enzymes: allyl alcohol dehydrogenase (allyl-ADH) of Nicotiana tabacum, 15-oxo prostaglandin 13-reductase (PGR) purified from porcine lung, and LTB4DH in porcine liver ( Table 1 ). The tobacco allyl-ADH catalyzes the reduction of allyl-ketones to their alcohols (Hirata et al. 2000) . Recombinant P1-ZCr (0.17 mM) in 50 mM Tris-HCl, pH 7.8, showed very little activity (<6´10 -6 s -1 ) to catalyze the reduction of (R)-(-)-carvone at 0.64 mM by 0.1 mM NADPH, less than 0.05% of the activity of the tobacco enzyme (Hirata et al. 2000) . Tobacco allyl-ADH also catalyzes the NADP + -dependent oxidation of carveol to carvone at a rate comparable to that of the reduction of carvone (Hirata et al. 2000) . P1-ZCr, however, did not catalyze at all the oxidation of 5.7 mM (-)-carveol by 0.1 mM NADP + in 50 mM Tris-HCl, pH 7.8 (Fig. 2, below) . These results clearly excluded the possibility that P1-ZCr is an allyl-ADH. The porcine PGR and LTB4DH are 99.7% identical in their amino acid sequences, and both the proteins catalyze the oxidation of allyl alcohol at the C12 position of leukotriene B 4 to its ketone, i.e. an allyl-ADH-like reaction (Yokomizo et al. 1996 , Ensor et al. 1998 . PGR also catalyzes the hydrogenation of the 13,14-double bond of 15-oxo metabolite of prostaglandins (PGs), with a rate 300 times higher than in the above reaction (Ensor et al. 1998) . The hydrogenation of 15-oxo-PG A homology search with the P1-ZCr amino acid sequence as the query using BLASTP 2.0 (Altschul et al. 1997 ) was done against a non-redundant protein sequence database at GenomeNet (http://www.genome.ad.jp/). Among the genes whose encoding amino acid sequences showed higher identity values than that of the guinea pig ZCr did, the listed genes were those whose encoding proteins had been enzymatically characterized.
Protein (organism)
Amino acid sequence homology to P1-ZCr Reaction Identity (%) Positives (%) Gaps (%)
Allyl-ADH (N. tabacum) 71 84 1 allyl alcohol « ketone (Hirata et al. 2000) PGR (Sus scrofa) 40 55 Yokomizo et al. 1996) ZCr (Cavia porcellus) 24 43 9 quinone ® semiquinone (Rao et al. 1992) Fig. 1 P1-ZCr catalyzes the oxidation of NADPH by HNE. (A) Changes of the absorption spectra of the reaction mixture during the enzyme reaction. Spectra were recorded consecutively. One scanning took 30 s. To a 100 mM NADPH solution (1 ml) in 50 mM MES-NaOH (i), HNE solution (5 ml) was added to 100 mM (ii) and the reaction mixture was incubated for 5 min (iii). P1-ZCr was then added to 9 nM and the scanning was started at 30 s (iv), 90 s (v), 300 s (vi) and 540 s (vii) after the addition of P1-ZCr. In the absence of HNE, P1-ZCr did not facilitate the NADPH oxidation, i.e., P1-ZCr did not show a diaphorase activity. Boiled enzyme did not catalyze the oxidation of NADPH by HNE. (B) P1-ZCr-catalyzed oxidation of NADPH by HNE, showing the stoichiometry of the added HNE to the oxidized NADPH. To a 1 ml medium containing 100 nmol NADPH, 180 nM P1-ZCr and 50 mM MES-NaOH, 23 nmol of HNE (in 5 ml) was added consecutively, as indicated by arrows. is reminiscent of the hydrogenation of the azo bond of azodicarbonyls in the P1-ZCr reaction (Mano et al. 2000) . Because both PGR and LTB4DH commonly recognize the enone structure in lipid derivatives, we inferred that P1-ZCr also might recognize lipid metabolites with an enone structure as electron acceptors. Searching among the compounds relevant to oxidative stress, we found that P1-ZCr catalyzed the reduction of HNE at a high rate. A typical reaction with HNE, as monitored by the oxidation of NADPH, is shown in Fig. 1 . HNE oxidized NADPH slowly via a non-enzymatic reaction ( Fig. 1A (i)-(iii)), and the addition of P1-ZCr accelerated the oxidation ( Fig. 1A (iii)-(vii)). The stoichiometry of the added HNE to the oxidized NADPH was 1 : 1 (Fig. 1B) , indicating a divalent catalysis, similar to the reduction of azodicarbonyls (Mano et al. 2000) . This activity of P1-ZCr appeared to satisfy the anticipated defensive function against oxidative stress, because HNE has been identified as a major toxin produced from lipid peroxides (Esterbauer et al. 1991) . We then examined several derivatives of HNE as to whether they serve as electron acceptors. In Fig. 2 the result of the compound survey is summarized. In addition to HNE, P1-ZCr recognized HHE, nonhydroxylated (2E)-alkenals of carbon chain C 5 -C 9 and propenal, with a preference for longer chains, as described later. Aldehydes without an a,b -unsaturated bond, i.e. (3Z)-hexenal at 0.5 mM, n-hexanal at 2 mM and n-nonanal at 2 mM, did not serve as substrates. This clearly distinguished P1-ZCr from AKR (Burczynski et al. 2001 ). On the other hand, 2-alkenones, such as 3-buten-2-one and 3-penten-2-one, also were good substrates. Thus P1-ZCr appears specific to a double bond activated by an adjacent carbonyl group. This is reminiscent of enone reductases, which are capable of catalyzing the reduction of the C-C double bond of cyclic enones such as cyclohex-2-en-1-one (Kergomard et al. 1988, Wanner and Tressl 1998) , but P1-ZCr did not react with this compound at 2 mM and is distinct from enone reductases. The reduction of the C-C double bond of cis-enone in 12-oxo-phytodienoic acid (OPDA), catalyzed by the flavoenzyme OPDA reductase, is involved in the biosynthetic pathway of jasmonic acid from the lipid peroxide 13-hydroperoxy-octadecadienoic acid (Schaller and Weiler 1997) . P1-ZCr did not recognize OPDA (0.2 mM), and hence does not participate in the jasmonate biosynthesis. Thus the substrate specificity of P1-ZCr is characterized by (i) preference for C 9 alkenals, (ii) compatibility both to 4-hydroxy and non-hydroxylated 2-alkenals, (iii) incompatibility with aldehydes without an a,b -unsaturated bond, and (iv) incompatibility with cyclo-cis-enones. Interestingly, the porcine LTB4DH was recently found to have a very similar activity, in which the a,b -unsaturated bond of 2-alkenals is hydrogenated to form n-alkanals (Dick et al. 2001 ). Both P1-ZCr and LTB4DH commonly share the above characteristics of substrate specificity.
The a,b -unsaturated bond in (2E)-alkenals is specifically reduced
From the incompatibility of P1-ZCr with the aldehydes that do not contain a,b -unsaturated bonds (Fig. 1) , we expected that 2-alkenals would be hydrogenated to n-alkanals in the P1-ZCr reaction, as was the case with the porcine LTB4DH (Dick et al. 2001) . In order to confirm the a,b -hydrogenation, we determined the reduction product from (2E)-hexenal. A reaction mixture containing (2E)-hexenal, NADPH and P1-ZCr was incubated until the oxidation of NADPH ceased, and then the ether-extract of the mixture was subjected to GC/MS (Fig.  3) . (2E)-Hexenal, peaking at 16.83 min on GC (peak a), decreased when NADPH was added to the reaction mixture, and simultaneously a new peak at 12.2 min (peak b) appeared. No other peaks were detectable. The retention time of peak b was identical to that of authentic n-hexanal (Fig. 3E) . The fragment pattern of the mass spectrum of peak b, characterized by the molecular fragments of mass-to-charge ratio (m/z) 56 (relative abundance, 100), 72 (30) and 82 (19) (Fig. 3, upper right) , was similar to that of authentic n-hexanal with characteristic fragments of m/z 56 (100), 72 (26) and 82 (17) (Fig. 3, respectively, diagnostic of n-alkanal. Thus the reaction product was unequivocally identified as n-hexanal. In the absence of P1-ZCr, n-hexanal was not detectable (data not shown). Even with an excess amount of NADPH with respect to (2E)-hexenal, no products other than n-hexanal were formed (panel D), agreeing with the incompatibility of n-alkanals as substrates (Fig. 2) . Thus P1-ZCr specifically catalyzed the reduction of the a,b -unsaturated bond of (2E)-hexenal to produce n-hexanal.
When 4-hydroxyl-(2E)-alkenals such as HNE and HHE are the electron acceptors, the reaction products are thought to be the corresponding 4-hydroxyalkanals. We have isolated the reaction product of the HNE-reduction, but could not unequivocally identify its structure because the product polymerized readily, a characteristic of 4-hydroxyalkanals (Dick et al. 2001) , and because authentic 4-hydroxynonylaldehyde (HNA) was not commercially available. Based on the characteristics of the catalyzed reaction for (2E)-hexenal, it would be reasonable to conclude that P1-ZCr catalyzes the hydrogenation of HNE to produce HNA (Fig. 4) , as proven for LTB4DH (Dick et al. 2001 );
Thus the ability to catalyze the reduction of the a,bunsaturated bonds of 2-alkenals/alkenones has been demonstrated for two proteins, P1-ZCr and LTB4DH. Dick et al. (2001) proposed to name this enzyme activity 'NADPH: alkenal/one oxidoreductase (AO)'. We would like to propose another name, 'NADPH:2-alkenal/one a,b -hydrogenase (ALH)', to emphasize that the enzyme is specific to the a,b -unsaturated bond but incompatible with carbonyls and to conform with the use of a three letter-code genetic nomenclature. Hereafter in this paper we use 'ALH' to represent the enzyme activity common to both P1-ZCr and LTB4DH.
The toxicity of 2-alkenals is attributable to the C-C double bond activated by the adjacent carbonyl group. The hydrogenation of 2-alkenals to the corresponding saturated aldehydes lowers their chemical reactivity by about 10-fold (Allevi et al. 1995) and also lowers their biological activities (Bate and Rothstein 1998, Haynes et al. 2000) . The ALH reaction with P1-ZCr and LTB4DH is therefore regarded as the fourth route, after GST, ADH and AKR, for detoxifying both 4-hydroxyand non-hydroxylated 2-alkenals (Fig. 4 and Table 3, below).
Kinetic parameters for various electron donors
P1-ZCr recognized 2-alkenals of various chain lengths (Fig. 2) , with K m values varying from 5.9 mM for (2E)-nonenal to 4650 mM for propenal, a difference of nearly three orders of magnitude (Table 2 ). In contrast, k cat values for most substrates fell by the same order of magnitude. Thus the specificity to a substrate was determined by the affinity, and in this respect P1-ZCr preferred C 9 -acceptors. Hydroxylation of the C4 position of (2E)-hexenal and (2E)-nonenal affected the specificity only slightly. As a result, P1-ZCr showed the highest specificity (k cat /K m ) to (2E)-nonenal and HNE.
P1-ZCr also exhibited high specificities to 3-penten-2-one and 3-buten-2-one (Table 2) , like LTB4DH did (Dick et al. 2001) . If 2-alkenone derivatives occur in cells, these would also be scavenged efficiently by these enzymes.
Specificity to electron donors
P1-ZCr preferred NADPH to NADH more than 1,000-fold in the reduction of quinones and azodicarbonyls (Mano et al. 2000) . With 100 mM HNE as the electron acceptor, k cat and K m 
Table 2 Kinetic parameters of P1-ZCr for 2-alkenals, 2-alkenones and related compounds
The initial velocity of the enzyme reaction was determined as described in Materials and Methods. a Mano et al. (2000) .
Electron acceptor
Chain length for NADPH were 66 s -1 and 7.1 mM, and the specificity parameter k cat /K m was 9.3 mM -1 s -1 . These values were comparable to those obtained for the reduction of quinones and azodicarbonyls (Mano et al. 2000) . When NADH was used as the electron donor, the NADH-oxidation rate in 2 mM HNE increased with an increasing NADH concentration almost linearly up to 160 mM NADH, which was the upper limit of the linearity range of the spectrometer, and hence we could not determine the K m and k cat for NADH. Thus P1-ZCr obviously is more highly specific to NADPH than to NADH in reducing (2E)-alkenals as well as in other reactions (Mano et al. 2000) . Electron donors affected the specificity to the electron acceptor. In 150 mM NADH, k cat and K m for HNE were respectively 10-fold lower and 80-fold higher than those obtained with NADPH, indicating that NADPH is much more efficient for reducing HNE. The reduction of HNE with P1-ZCr in cells would be almost exclusively supported by NADPH.
pH profiles
The HNE-reducing activity with 50 mM NADPH in 50 mM MES buffer showed a peak at pH 6.0. Half-maximal activities were observed at pH 5.3 and 6.6. A similar pH profile was also obtained when (2E)-hexenal was the electron acceptor.
P1-ZCr is competent for scavenging HNE
In mammalian cells, exogenously added HNE is metabolized with GST, ADH, AKR and ALH (Fig. 4) . In plants, the only enzyme reported thus far to metabolize HNE is the alfalfa AKR (Oberschall et al. 2000) , but its k cat is low (8.9 s -1 ) and its K m high (740 mM) compared with those of P1-ZCr. Accordingly, Arabidopsis P1-ZCr is more specific to HNE than is the alfalfa AKR (Table 3 ). The k cat /K m values of P1-ZCr to HNE and (2E)-nonenal are comparable to those of the mammalian GST and ADH (Table 3) . This is the first report for a plant enzyme to exhibit such a high level of molecular activity against HNE. Thus P1-ZCr is expected to be a major scavenger of 2-alkenals and 4-hydroxy-(2E)-alkenals, unless other scavenging enzymes occur in large excess of P1-ZCr.
Endogenous P1-ZCr in A. thaliana leaves has the HNEreducing activity
As the P1 gene is expressed mainly in leaves , we examined whether the leaf extract of A. thaliana contains HNE-scavenging activity due to P1-ZCr. With NADPH as the electron donor, the leaf extract showed a significant HNE-reducing activity (0.39 nmol NADPH s -1 (mg protein) -1 ). We obtained an antiserum against recombinant P1-ZCr and have confirmed that it reacted with P1-ZCr in the leaf extract as a single band of 38 kDa on Western blotting (data not shown). This antiserum blocked 80% of the HNE-reducing activity of the leaf extract (Fig. 5) , while preimmune serum did not inhibit the activity. Thus a major fraction of the HNEreducing activity in A. thaliana leaves is accounted for by the ALH activity of endogenous P1-ZCr. From the inhibited activity, the endogenous P1-ZCr content was estimated to be 0.24 mg (mg protein) -1 . The antiserum-insensitive activity might be due to other ZCr homologs (discussed later) or to AKR (Oberschall et al. 2000) ; we have yet to identify its cause.
Discussion
The ALH activity satisfies the putative stress-defensive role of P1-ZCr Production of lipid peroxides from polyunsaturated fatty acids is an inevitable consequence of photooxidative stress. Since plant cells are potentially exposed to the resulting reac- tive aldehydes, they should be equipped with a defense system against aldehyde toxicity. In this study we have shown that P1-ZCr in A. thaliana has the ALH activity, a detoxication of 2-alkenals by hydrogenation of their a,b -unsaturated bonds, rather than by the reduction of the carbonyl moiety ( Fig. 1-3 , Table 2 ). The enzyme activity of P1-ZCr to HNE was higher than those of the most active HNE-detoxifying enzymes in mammals, GST and ADH (Table 3 ), indicating that P1-ZCr is highly competent for detoxifying HNE. The ALH activity due to P1-ZCr was detected in A. thaliana leaves (Fig. 5) . These results satisfactorily explain the presumed stress-defensive function of P1-ZCr. We conclude that the physiological function of P1-ZCr is to scavenge toxic 2-alkenals produced from lipid peroxides. The occurrence of the activities of ALH and AKR in plants and the induction of their gene expression by oxidative stress , Oberschall et al. 2000 provide clear evidence that plants also have detoxication enzymes against reactive aldehydes, similar to mammals. Such a reactive aldehyde-scavenging function appears to constitute the plants' multiple defenses against environmental stress, together with other defensive functions such as dissipating excessive light, scavenging for ROS and repairing damages (Asada et al. 1998 , Ort 2001 , and can be another target of molecular breeding of crops to improve their environmental stress tolerance. We have constructed transgenic tobacco that overexpresses Arabidopsis P1-ZCr (unpublished) and are further investigating the effects of P1-ZCr on the tolerance against various environmental stresses.
A. thaliana may have more ALH isozymes P1-ZCr was first cloned by a screening of oxidative stresstolerant yeast that heterologously expressed A. thaliana cDNA . In the same screening we have also cloned P2, P3 and P4 genes. The deduced amino acid sequence of the P2 gene product is closely homologous to that of P1-ZCr. The P4 gene product also contains a ZCr-homologous sequence in its C-terminal half. Thus the P2-and P4-gene products are likely to show the ALH activity. The P3 gene product is homologous to isoflavone reductase, but its substrate is not yet known. Biochemical characterization of these gene products may further reveal new defense mechanisms.
The A. thaliana genome contains several genes encoding P1-ZCr homologs, other than P2 and P4. We selected those homologous genes whose expressions have been demonstrated by the occurrence of EST or cDNA clones, and analyzed their phylogeny (Fig. 6 ). There are clusters of homologous genes in both chromosomes 3 and 5, most likely made via the gene duplications. In the phylogenic tree, 12 genes of A. thaliana, including that of P2, are positioned in the same branch that embrace P1-ZCr, the tobacco allyl-ADH and the porcine LTB4DH (Fig. 6, asterisk) . These are tentatively annotated "quinone oxidoreductase" or "allyl ADH", but none have been characterized with respect to tissue-and intracellular distributions, expression response or biochemical activity. Because both P1-ZCr and LTB4DH have high levels of ALH activity with very similar substrate specificities, some of these A. thaliana genes may also exhibit ALH activity. Such a high redundancy of the ALH/quinone reductase/allyl-ADH genes does not appear specific to A. thaliana; homologous cDNA sequences from other plant species, e.g. tomato and rice, are accumulating in the "all plant DNA database" at the TAIR site (see Fig. 6 legend), although not listed here.
With the PSORT program (Nakai and Kanehisa 1992 ) the encoded proteins of these P1-ZCr homologous genes in A. thaliana are predicted to localize in various compartments (Fig. 6) . The enzymatic production of reactive aldehydes via the hydroperoxide lyase pathway is closely associated with chloroplast envelopes (Froehlich et al. 2001 ) and lipid bodies (Weichert et al. 2002) . Under environmental stresses, the nonenzymatic production of reactive aldehydes would occur in a wider range of compartments. ALH isozymes may be distributed to the potential production sites for scavenging them in situ, like are the ROS-scavenging enzymes SOD and APX.
Concluding remarks
Recombinant Arabidopsis P1-ZCr shows an ALH activity, detoxication of highly reactive 2-alkenals to less reactive n-alkanals. The specificity to electron donors is highest to HNE, the most potent toxin produced from lipid peroxides. In -1 ) in 50 mM MES-NaOH, pH 6.0, was incubated with anti-P1-ZCr antiserum (0.21 mg protein ml -1 ) for the indicated time at 25°C, following which 100 mM NADPH and 100 mM HNE were successively added to start the reaction. The antiserum concentration 0.21 mg protein ml was high enough to inhibit the ALH activity of 2 nM recombinant P1-ZCr, after a 30 s-incubation (inset). Pre-immune serum at 0.21 mg protein ml -1 did not inhibit the HNE-reducing activity of recombinant P1-ZCr and the leaf extract. The leaf extract did not contain a detectable level of diaphorase activity. Average of two runs.
A. thaliana leaves, the endogenous P1-ZCr protein, recognized by the specific antiserum, has the ALH activity. These indicate that the physiological function of P1-ZCr is to scavenge 2-alkenals. The occurrence of P1-ZCr in leaves and the induction of its gene expression on oxidative stress treatments suggest the importance of the detoxication of reactive aldehydes derived from lipid peroxides in the defense against photooxidative stress.
Materials and Methods
Preparation of recombinant P1-ZCr protein
Recombinant P1-ZCr was expressed in E. coli and purified to apparent homogeneity as previously reported (Mano et al. 2000) . The purified recombinant P1-ZCr comprising the His-tag was used for the enzyme assay and as the antigen for immunizing rabbits. The concentration of P1-ZCr was determined from A 280 (81.2 mM -1 cm -1 ; Mano et al. 2000) .
Preparation of A. thaliana leaf extract
A. thaliana Col-0 was cultured on soil under a light/dark regimen of 14 h/10 h at 23°C for 12 weeks and supplemented with Hyponex. Light intensity was 35 mmol photons m -1 s -1 . Fully expanded rosette leaves were frozen in liquid nitrogen, ground with a mortar and pestle, and extracted with 50 mM potassium phosphate, pH 7.0, containing 1.3 mg ml -1 aprotinin, 0.67 mg ml -1 leupeptin, 0.67 mM pepstatin A and 1 mM phenylmethylsulfonyl fluoride. After filtration through a layer of Miracloth (Calbiochem, La Jolla, CA, U.S.A.) and centrifugation to remove insoluble debris, protein in the supernatant was precipitated with ammonium sulfate (80% saturation). Protein was collected by centrifugation, dissolved in 50 mM potassium phosphate, pH 7.0, and desalted by passing through a Sephadex G25 column equilibrated with the same medium.
Chemicals
Aprotinin from bovine lung was a product of Calbiochem. (R)-(-)-Carvone was purchased from Wako Pure Chemical (Tokyo, Japan). HHE and OPDA were from Cayman Chemical (Ann Arbor, MI, U.S.A.). HNE was from Alexis Japan (Tokyo, Japan). Other alde- Fig. 6 Phylogenic tree of the amino acid sequences of the P1-ZCr-homologous genes. Homology search with the P1-ZCr amino acid sequence as the query using BLASTP 2.0 (Altschul et al. 1997 ) was done against the plant DNA sequence database at The Arabidopsis Information Resource (TAIR) site (http://www.arabidopsis.org/). The resulting A. thaliana genes that had corresponding EST or cDNA clones were selected. The sequences of these genes and the genes of tobacco allyl-ADH, porcine LTB4DH, guinea pig ZCr and A. thaliana ADH (as an outgroup) were aligned with Clustal W (Thompson et al. 1994) , and schematized with TreeView (Page 1996) . The intracellular localization of the A. thaliana gene products was predicted with the program PSORT (http://psort.nibb.ac.jp/form.html). The predicted localizations of the two highest certainty scores for each sequence are shown. A. thaliana genes are represented by the AGI gene code (http://mips.gsf.de/proj/thal/db/search/ search_frame.html) and others by the EMBL accession code. The asterisk indicate the branch that contain both P1-ZCr and LTB4DH. Numbers at the branching points are bootstrap values (1,000 repeats).
hydes, ketones and (-)-carveol were from Aldrich Japan (Tokyo, Japan) and were purified by distillation before use if the purity was less than 97%. Leupeptin and pepstatin A were from Peptide Institute (Minoh, Japan).
Activity assay
For the ALH activity, the reaction mixture (1 ml) contained 50 mM MES-NaOH, pH 6.0, 0.1 mM NADPH and an electron acceptor, and the reaction was started by adding P1-ZCr to 25 nM. Oxidation of NADPH or NADH was followed by a decrease in A 340 (6.22 mM -1 cm -1
) in the initial 30 s using a spectrophotometer (MPS2000, Shimadzu, Kyoto, Japan). Non-enzymic background oxidation was subtracted. Some hydrophobic electron acceptors were dissolved in either dimethylsulfoxide, ethanol, hexane or the detergent deoxy-BIGCHAP (Dojindo Lab., Kamimashiki, Japan). Inhibition of P1-ZCr by these solvents (up to 5% (v/v) ) and by the detergent (0.14 mM) introduced in the reaction mixture was corrected by separately estimating their inhibition on the diamide-reducing activity (Mano et al. 2000) . Concentrations of HNE and HHE in aqueous solutions were determined from A 223 (13.8 mM -1 cm -1 ) and A 220 (16 mM
Determination of kinetic parameters K m and k cat values were determined by fitting the data to the Michaelis-Menten equation with a non-linear regression program (KaleidaGraph, Synergy Software, Reading, PA, U.S.A.). All data points were averages of duplicates. At least two independent assays were conducted for each substrate, and the obtained parameters were averaged.
GC-MS analysis of reaction products
Reaction mixture (5 ml) containing 100 mM (2E)-hexenal, 0-200 mM NADPH and 75 nM P1-ZCr in 50 mM MES-NaOH, pH 6.0, was extracted with one volume of diethylether. The ether phase was dehydrated with anhydrous Na 2 SO 4 and was concentrated about 10-fold by evaporation. GC/MS analysis was performed using a Shimadzu (Kyoto, Japan) GCMS-QP 5050 system equipped with a DB-WAX column (0.25 mm ´ 60 cm; J & W Scientific, Folsom, CA, U.S.A.). The carrier gas was He at 200 kPa. The samples were measured in the electron impact mode, using the split injection mode with an injector temperature of 200°C. The temperature gradient was 40°C for 5 min, 40-200°C at 5°C min -1 , and 200°C for 25 min. The MS was scanned from m/z 45 to 350.
